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ABSTRACT

A simple real-time interferometer system was de-
veloped for use in dynamic stall and other unsteady
flow research at compressible flow speeds. A conven-
tional schlieren system was modified to operate as a
pint diffraction interferometer. The implementation
of this interferometer is discussed and results of trials
with different point diffractors are presented in this
paper. The performance of the interferometer under
various flow conditions was investigated. Results are
presented which show the effects of the interferome-
ter parameters such as pinhole size and pinhole-plate
optical density on the performance of the system.

1. INTRODUCTION

Unsteady flow measurements, especially at high
subsonic speeds, pose significant challenges to experi-
mental fluid dynamicists. The problem becomes even
more complex when flow separation is encountered.
Much of the measurement difficulty stems from the
character of the flow under investigation. The flow is
rapidly changing in a high speed environment, thus in-
validating many conventional flow visualization tech-
niques. There is a critical need for details of the flow
away from the surface, thus limiting the value of in-
stantaneous pressure transducers. The flow contains
significant regions of separation, thus invalidating the
use of hot wire anemometry. The fluid experiences
very strong pressure gradients (d—dc—;ﬁ ~ 0 (10%) ), and
velocity gradients(e.g. shocks), thus severely limit-
ing the use of particle-based measurement techniques
such as LDV or laser speckle velocimetry. Also, the
repetitive sampling needed to obtain statistically in-
variant data in these flows requires operating the

This paper is declared a work of the U.S. Gov-
ernment and is not subject to copyright pro-
tection in the United States.

drive mechanism that produced the unsteady flow for
times and loads that can exceed the fatigue life of
the system. These stringent measurement require-
ments leave only those techniques which exploit the
instantaneously changing flow properties (e.g. den-
sity) for use in diagnosis of the flow properties. A
stroboscopic schiieren technique has already been im-
plemented for study of this flow!, but it gives only
qualitative information about the flow field. The
quantitative technique of interferometry becomes the
logical choice in these flow situations. It offers many
advantages since the entire flow field can be imaged,
and the visualization does not depend on any particle
tracker. However, conventional interferometry meth-
ods such as Mach-Zehnder interferometry require ex-
pensive and very high quality optical components, set
up in a vibration-free environment, in order to work
satisfactorily - conditions made more difficult in a
high speed, dynamic flow facility. The more forgiv-
ing method of holographic interferometry suffers from
the drawback that significant post-processing must be
performed for an interferogram to be obtained.

The present paper describes a point diffraction
interferometer(PDI) now successfully being used in
dynamic stall research under compressible flow con-
ditions. (For details of the research findings, see ref. 2
and 3). The PDI is a simple real time interferometer
that produces interferograms that are equivalent to
interferograms produced by Mach-Zehnder and holo-
graphic interferometers?. However, it has an advan-
tage over these interferometers because it is a comnion
path interferometer which makes it much less sensitive
to vibration. Furthermore, since an existing schlieren
system can be easily modified into a PDI system, it is
inexpensive to implement. PDI was originally applied
to optical testing®®, and has only recently been ap-
plied to fluid flow research?. This paper explores the
issues that arose during the implementation of the
PDI technique in research undertaken to determine
the influence of compressibility on dynamic stall.




2. DESCRIPTION OF EXPERIMENT

2.1. Experimental Facility

The studies were carried out in the Compressible
Dynamic Stall Facility(CDSF), at the Fluid Mechan-
ics Laboratory of the NASA Ames Research Center.
The CDSF test section size is 25¢cm X 35¢m, and the
tunnel Mach number ranges from M = 0.1- 0.5. A
schematic of the CDSF is shown in Fig. 1. The CDSF
is equipped with a drive mechanism that simultane-
ously oscillates two windows in simple harmonic mo-
tion. The airfoil is supported between the windows
and this results in a sinusoidal variation of its angle
of attack. Depending upon the research problem un-
der investigation, the oscillating drive can be replaced
by a hydraulic drive that produces a rapid ramp type
pitch-up motion. Both drives are instrumented with
mecremental encoders that provide the airfoil instan-
taneous angle of attack information digitally which is
used in performing stroboscopic measurements.

2.2. Optical System

The optical system used is shown in Fig. 2. A
conventional two-mirror schlieren imaging system was
modified by replacing the spark light source with a
Nd-YAG laser and the knife edge with a pinhole-plate
to create the PDI system discussed in this paper. The
laser light was expanded to fill a portion of the first
schlieren mirror, where it was reflected through the
test section and refocused on to the pinhole plate by
the second s:hlieren mirror. A camera placed at the
image plane of the mid-span of the flow recorded the
interference pattern created. The astigmatism inher-
ent to the original ‘Z’ configuration was reduced by
using an on-axis alignment, wherein only a portion
of each schlieren mirror aperture was used so that
the beam-expanding lens and the pinhole could be
located on-axis at the foci of the respective mirrors.
This alignment was made possible by the large diam-
eter (450mm) schlieren mirrors relative to the small
diameter (150mm) of the test section windows.

3. THE PDI TECHNIQUE

3.1 Description of the PDI Technique

In a PDI system, light from a point source is col-
limated and is then directed through a flow field af-
ter which it is focused onto a pinhole in a partially-
absorbing plate(see Figure 3). The light that passes
around the pinhole is attenuated, but still retains the
phase information induced by the flow field. Light
which passes through the pinhole is diffracted into a
spherical reference wave, (provided the pinhole is suf-
ficiently small) and makes the pinhole a local point
source. Light diffracting from this local point source
interferes with the undiffracted light passing around
the pinhole. The real-time interference fringes pro-
duced by this method provide instantaneous contours
of constant optical path difference caused by density
variations in the flow field under study.

The quality of the interferograms that are ob-
tained by PDI is dependent upon several parameters:
for example, the transmittance of the pinhole plate,
7y; the diameter of the pinhole, d; the amount
of light passing through the pinhole and around it;
and the optical path difference introduced by the flow
density changes. Therefore, a review of the theory be-
hind point diffraction interferometry is of some use in
studying these parameters. The complex amplitude
distribution of light at the image plane can be de-
rived using Fourier theory®. The derivation is similar
to that shown by Koliopoulos et al® in the deriva-
tion of a point diffraction interferometer for optical
testing, the main difference being the location of the
object being studied.

The complex amplitude distribution of the light
leaving a circular window of the wind tunnel test sec-
tion can be written as

up(z,y) = Cyl(5)e* W) 8

assuming a two dimensional flow, r = /2?2 +y? is
any point in the plane of the window, D is the window
diameter, k = & is the wave number(with A as laser
light wave length) and W(x,y) represents the optical
path differences due to density variations of the flow.
The cylinder function (defined in Ref. 8) as a function
of value 1 for 0 < r < D, and 0 for r > D,describes
the transmittance of light through a circular aperture.
The amplitude transmittance of the pinhole plate can
be shown to be
r

tzy)=n+(1 - Tb)Cyl(d) (2)

where d is the diameter of the totally transparent
pinhole, and 7, which is related to the optical den-
sity, is the transmittance of the substraie surround-
ing the pinhole. The complex amplitude distribution
of the light u,(z,y) at the image plane is the convo-
lution of the complex amplitu(gie distribution of the
light leaving the test section window (Eqn 1) with
the Fourier transform of the pinhole plate amplitude
transmittance function (Eqn 2). After some opera-
tions and simplifications, and the neglecting of optic
focal length terms which affect image size only, and
of an unimportant phase factor which does not affect
the resultant interferograms, the complex amplitude
distribution becomes

ui(z,9) = 1 Cyl(%)e”‘w(‘»!’) N

(5] -
i) (i)} o

where * denotes convolution and f, is the focal

length of mirror 2. The Sombrero function used above
describes the response of an imaging system with a
circular limiting aperture to a point source and is de-
fined as®




Somb(-'i) = fi(if)

()

where J; is the Bessel function f the first order and
first kind.

As explained eatlier, the two terms described in
. (8) interfere at the image plane. The first term,
:&:ic is the object wave, is the original aberrated
wavefront reduced in amplitude by 7y, and represents
the light passing around the pinhole. The second term
is the reference wavefront resulting from the convolu-
tion of the aberrated wavefront from the test section
with the Fourier transform of the pinhole transmit-
tance,

If W(x,y) were known, the dependence of ref-
erence and object wave amplitude on optical plate
transmittance and pinhole diameter could be deter-
mined from this equation. However, this task is not
trivial even if W(x,y) could be approximated. There-
fore, the dependence of the resultant interferograms
on pinhole size and optical density of the pinhole plate
were determined experimentally for the present appli-
cation.

3.2. Implementation
3.2.1.PinholePlate

The pinhole plate used in this experiment was
made from a photographic plate (Agfa SE75HD). The
plate was procesoes in a weak developer (2-3% solu-
tion of triethanolamine), dried and then exposed uni-
formly to light in order to darken it. No other pro-
cessing was required. Darkened plates with optical
densities near 1 were used for the flow conditions of
this test; this absorption level was necessary to at-
tenuate the object wave to a level equal in intensity
to that of the reference wave, in order to maximize
fringe contrast.

3.2.2. Creation of Pinholes

Diffracting spots and pinholes were made by plac-
ing the pinhole plate precisely at the focus of the sec-
ond schlieren mirror, and repeatedly pulsing the laser
with no flow in the test section. The laser energy
was slowly increased, while observing the effect of the
laser pulses on the pinhole plate as seen on a screen
placed at the image plane. When the laser energy was
sufficiently high to char a spot(as is done in dark cen-
tral ground interferometry(DCGI)), the image turned
black. When the spot was burned with sufficient num-
ber of pulses and energy the image turned white, indi-
cating that a pinhole had formed. The size of the spot
or pinhole could be varied by carefully controlling the
laser energy. Once the spot or pinhole was made, it
was left in place and the laser energy was decreased
to a level that adequately exposed the camera film
without burning the pinhole further.

4. RESULTS AND DISCUSSION

4.1. PDI vs. 1

Initial interferometer development efforts for the
CDSF were focused on holographic interferometry.
However, since the ultimate goal of this effort was
to produce real-time interferograms in high speed,
strongly unsteady flows, various types of real time
interferometry were investigated. The first technique
to be studied was dark-central-ground interferome-
try&DCGI), which is based on the same principles as
PDI, but uses a small opaque spot to generate the
reference wave. For small spots or pinholes, it has
been shown*® that DCGI actually produces fringes
with greater contrast and intensity than PDI, How-
ever, the PDI pinhole is able to withstand higher en-
ergy laser pulses, since the peak energy portion of
the beam is passed throuth the pinhole instead of ab-
sorbed by the pinhole p'ate. This is an important fac-
tor in the present application and in future high speed
applications where an extremely short light pulse is
necessary to freeze the fast moving fringes that occur
in the flow which were induced by the rapidly pitch-
ing airfoil; at the same time, the laser pulse must
have sufficient enerﬁy to expose the film at the im-
age plane. During the work with DCGI, it was found
that laser pulses containing sufficient energy to ex-
pose film at the image Elme destroyed the spots by
actually burning through the emulsion on the pinhole
glate. Reducing the sige of the interferogram on the

Im by using imaging lenses concentrated the light for
a brighter exposure, but at the cost of reduced image
resolution.

In recent efforts, photographically fixed plates
with reduced absorption enabﬁed the creation of spots
that could withstand the high laser energy levels, and
full size interferagrams were obtained. However, the
fringe contrast was much lower than what had already
been achieved with PDI?*3, Hence, further develop-
ment of DCGI for the facility was discontinued.

4.2. Effect of Pinhole Size

The size range of pinholes that were used in the
system was determined by the magnitude of the den-
sity gradients and the size of the system blur circle at
the focus of mirror 2 (the blur circle is defined as the
size of the image of a point source formed by a lens at
its focus). For most applications, good quality, high
contrast fringes are obtained with a pinhole approx-
imately the size of the system Airy disk®. The Airy
disk diameter is equal to 2.44 A f # (where f# is
the “f-stop” of the mirror) and is defined as the area
of the central peak of the diffraction pattern formed
at the focus of a uniformly illuminated, unaberreted
optic. This ideal, diffraction limited focal point was
calculated to be 25um for mirror 2. The actual size of
the focus of the miror was larger than the Airy disk
due to aberrations, however, the Airy disk size served
as a good rule of thumb. The size of the pinhole
could be varied from this ideal size to enhance cer-
tain characteristics of the interferometer. Small pin-
holes (< 25um in the present application) made the
interferometer more sensitive to low frequency fringes
caused by mild density variations. Since the pinhcle




was a high pass filter, increasing its size increased
the amount of low frequency information that was fil-
tered. However, high frequency information resulting
from strong density gradients was essentially unaf-
fected by tﬁis filter. Therefore, larger pinholes could
be used when imaging high frequency fringes such as
those that occur near the airfoil leading edge. The
flow region of greatest interest in the present study
was the upper surface of the airfoil near the leading
edge. Since the fringes produced by the strong gradi-
ents that existed in this region were of high frequency,
the fringes were unaffected by the low frequency fil-
tering of the large pinholes. (See Fig. 4-7).

All the PDI interferograms obtained during this
study were recorded on Polaroid Tvpe 57 (ASA 3000)
film without damage *o the pinhole. However, when
an attempt was made to expand the recorded image
size in order to increase the detail of the region near
the leading edge, the problem of pinhole enlargement
was encountered. This could be directly attributed
to the fact that the higher image magnification re-
duced the amount of light at the image plane, and
the increased laser energy needed to offset this for
ﬁroper film exposure caused the pinhole to burn and

ecome enlarged. To quantify the effect of this en-
largement of the pinhole size, interferograms of the
same flow at the same conditions were obtained with
a small (254m) pinhole and a large (804m ) pinhole.
The interferograms of Figure 4 were made with the
small pinhole. Fig.4a shows the flow field at an an.
%le of attack, a = 0° and a Mach number, M = 04.

he good symmetry of the flow over the airfoil can
easily be seen, including at the trailing edge. The
fringes are complete and show good contrast over the
whole flow field. Fig. 4b shows the density field at
a = 8° M = 0.4. Once again, the fringes a; gear good
throughout the flow field. Even the airfoif oundary
layer can be clearly seen. The interferograms pre-
sented in Fig. 5a and 5b record the same flow at the
same conditions as in Fig. 4, but were made with the
large pinhole. It can be seen that the fringes away
from the airfoil are distorted. In addition, many of
the fringes away from the airfoil fade and eventually
disappear. However, the fringes near the airfoil lead-
ing ezfge are unchanged, are of high contrast, and are
in go;)d agreement with the corresponding images in
Fig. 4.

For the interferograms in Fig. 6a and 6b, the
imaging optics were changed to provide larger and
more detailed images on film for the same flow con-
ditions investigated in Fig. 4 and 5. The images in
Fig. 6 were recorded using the large pinhole. Only
the large pinhole passed sufficient light for a good
photograph to be obtained. Hence, the two interfero-
grams shown in Fig. 4a and 4b were photographically
enlarged and are shown in Fig. 7a and 7b for com-
parison with Fi%. 6a and 6b. The same details of the
densely packed fringes can be seen in the leading edge
region in both sets of photographs. The fringes in this
region of strong density gradients have high contrast
and are continuous. The two sets of pictures agree
very well, except that the resolution in Fig. 7 is not
very good in comparison to Fig. 6; this demonstrates
the limitations of photographic enlargement for study
of the leading edge region.

Thus, for fluid flow applications with strong den-

m o

sity gradients such as those encountered in the present
set of experiments, sensitivity to low frequency fringes
(such as those away from the airfoil), is not always
necessary. Therefore, interferograms made with large
pinholes, vhich have been shown to provide accurate
fringes in dense gradient regions, are sufficient. Fur-
thermore, the increase in light at the image plane
made available by use of the large Yinholea allows en-
lar%:d images to be captured on film, thus providing
for higher resolution.

4.3. Effects of Flow Conditjons

The flow conditions encountered in the CDSF
cover a range of angles of attack from 0 to 60 degrees
and a Mach number range from 0.1 - 0.5. Thus, large
density variations were present in the flow. The effect
of the density gradients in the flow is to spread out
the light which was focused on the pinhole plate. The
strength of the gradients to be imaged J::termined
the amount of spreading. At low Mach numbers and
low angles of attack, the gradients were weak; how-
ever, they were strong at high Mach numbers, even
at low angles of attack. Obviously, the degree of light
spreading was dependent upon the flow conditions.
In flows with strong density gradients, refracted light
could be seen up to 30mm away from the optical axis
at the focal plane. Although this light was very faint,
obacuring it caused image distortions. Hence, it was
important that all the light passing through the test
section fell on the pinhole plate.

In an effort to study the effects of flow conditions
on light spreading, a CCD camera was placed at the
focus of mirror number 2 and the focused light was
recorded and digitized for three flow conditions: a =
0% noflow;a=0M=04;anda =8 M = 04.
Light intensity variations along a horisontal row of
pixels passing through the central peak of the image
at the focus were then obtained and are plotted in
Fig. 8 for these conditions. The CCD was allowed to
saturate in the central region in order to enhance the
details of the outer lower intem(i)tfy regions. As can
be seen from Fig. 8, the spread of the light is about
20 pixels for the no flow case. With the flow on, at
a = 0° it is about 25 pixels, but at a = 89, it is
50 pixels. It should be noted that in this figure, 100
pixels correspond to 1 mm, and hence, a pinhole of
80um is about 10 pixels wide.

For maximum fringe contrast, as mentioned ear-
lier, the intensity of the light diffracted from the
pinhole should equal the intensity of the object
wave passing around the pinhole. This balance was
sometimes altered when the spread of the light was
changed due to the changing flow conditions. How-
ever, if the pinhole size and the optical density of the
plate were properly selected, high contrast interfer-
ograms could be obtained for a broad range of flow
conditions3,

4.4. Effects of Pinhole Plate Material

Both PDI and DCGI are limited by the amount
of energy that the pinhole plate can absorb without
destroying the point diffractor. In addition to the
AGFA photographic plate used in the present test,
both blue and green line filters were used as pinhole




plates in previous tests and were found to work well?,
However, pinholes made from line filters could not
withstand the energy that the AGFA plates could.
Since the AGFA plate emulsion is thicker than that
of the line filter, 1t is possible that the former could
dissipate the energy faster. More research is needed
to find better pinhole-plate materials, especially for
the very high laser-pulse repetition rates needed for
the high-speed filming of dynamic stall development
that are planned in the future.

5. CONCLUSIONS

Point diffraction interferometry has been shown
to be a very valuable tool for quantitative visualiza-

tion of dynamic stall flow fields in compressible flow.

It has been shown that when large pinholes were used
for PDI, the interferometer was insensitive to small
density changes in regions of low density gradients.
However, the sensitivity in regions of large density
gradients was not significantly affected. The increase
In image brightness due to the large pinholes was
found to be necessary for recording the enlarged de-
tails of selected regions of the flow, Interferograms
made with large pinholes compared well with those
obtained with small pinholes in the region of the lead-
ing edge. Thus, when using PDI for imaging stron
density gradients, pinholes larger than the Airy dis
of the optic focussing on to the pinhole plate can be
used without significant loss of quantitative flow field
information and fringe quality.
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Fig. 1. Schematic of CDSF Test Section.
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Fig. 3. Principle of Point Diffraction Interferometry:
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(b) (b)

Fig. 4. Small Pinhole Interferogram, M = 0.4; (a) Fig. 5 Large Pinhole Interferogram. M = 0.4; (a)
a=0°(b)a =8 a=0°(b)a=8"




(b)

Fig. 6. Large Pinhole Intetferogram, Magnified View, Fig. 7. Small Pinhole Interferogram, Photographi-
M = 04; (a) a=0%(b) a = 8. cally Enlarged M = 0.4; (a) a =0°, (b) a = 80.
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